Introduction

23
Directional non-image-based phototaxis -the ability to change direction of motion in order to 24 reorient with a light stimulus -abounds in motile eukaryotic microorganisms, unicellular and multi-25 cellular alike. From photosynthetic algae (Bendix, 1960 ) to early-stage larvae of marine zooplankton 26 (Thorson, 1964) , phototaxis is such a crucial behavioral response for the survival of these organisms 27 that one is led to hypothesize that organisms must have evolved navigational strategies to reach 28 their goal in a very efficient manner. Photosynthetic algae need to harvest light energy to support 29 their metabolic activities, whereas animal larvae perform phototaxis so that their upward motion 30 can enhance their dispersal. 31 One of the most intriguing features of non-image-based phototaxis is the ability to navigate 32 towards (or away from) light without the presence of a central nervous system. One of the essential 33 sensory components for directional phototaxis (also known as vectorial phototaxis), is a specialized 34 sensor. This is possible in zooplanktonic larvae via a single rhabdomeric photoreceptor cell (Jékely 35 et al., 2008) or in the case of motile photosynthetic micro-organisms such as volvocalean algae, 36 a "light antenna" (Foster and Smyth, 1980), which was generally thought to co-localize with the 37 cellular structure called the eyespot, a carotenoid-rich orange stigma. Foster and Smyth (1980) 38 theorized that in order for vectorial phototaxis to work, the light antenna has to have directional 39 detection, i.e. detect light only on one side, and that the layers of carotenoid vesicles would act as 40 an interference reflector. This hypothesis was later verified in algae by experiments of eyespot-less 41 mutants that lacked the carotenoid vesicles, but could nevertheless do only negative phototaxis 42 (Ueki et al., 2016). Their experiments concomitantly showed that the algal cell bodies can function 43 as convex lenses with refractive indices greater than that of water. For the sake of completeness, 44 it should be noted that in zooplankton the "shading" role of the carotenoid vesicles is filled by a 
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Capturing flagellar photoresponse and phototactic steering 87 The flagellar photoresponse of Chlamydomonas reinhardtii was captured at high spatio-temporal 
where ( ) is the photostimulus function and is a factor with units reciprocal to ( ). (a) Experimental setup for measuring the flagellar photoresponse on immobilized cells, inside a PDMS chamber, using a micropipette pulled to a 5-µm tip. In order to visualize the cell's beating flagella far from the coverslip, a ×63 LWD objective lens was used. The blue LED used for light stimulation was coupled to a 50-µm optical fiber. (b) Experimental setup for 3D-tracking phototactic free-swimming cells in a sample chamber immersed into an outer water tank for minimizing thermal convection. Imaging was performed using two aligned LWD microscopes, attached to two CCD cameras. 129 describes a curve (a hyperbola) of optimal ( , ) pairs for a given stimulus frequency for an 130 immobilized cell, which can be considered equivalent to a rotational frequency of a free-swimming 
Based on our data we compute max to be 94 ± 24 ms (n = 4), which corresponds to an = 1.1-1. by defining 1 to be proportional to .
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The reorientation of phototactic swimmers -in three dimensions -can be described as a system where  ∕ is empirically found to be ≈1/3.5. In this study, we declare this level of proximity, 
can be written in closed form (for sufficiently large enough ):
where 410 = and = .
The gain of frequency response is thus defined as the magnitude ratio
wherẽ oscill and̃ oscill are the Fourier transforms of oscill and oscill respectively. Truncation for positive 412 frequencies is indicated by ⟨⋅, ( )⟩.
413
Phototaxis experiments of free-swimming cells 414 Three-dimensional tracking of phototactic cells was performed using the method described in 
where is the amplitude of the beat and is the duration of the effective stroke of the beat. We can thus assign each flagellum a force-density function depending on the position along the flagellum: The torque density functions are also functions of , as is a function of . We define
Thus and can be combined and rewritten as Then the time-averaged total torque generated by a flagellum during the effective stroke of the beat is equal to Performing the computation yields
where = 1∕2 and is the frequency of beating, and  = ∕2 is the area of the circular sector swept by the flagellum. The mathematical model is derived from a system of five nonlinear ordinary differential equations (ODEs) following a series of simplifications and approximations. The first simplification is regarding the photoresponse time delay , as mentioned in the main text. We know from solving the equations numerically that including the time delay into the mathematical model is equivalent to omitting it, but with the eyespot vector̂ lying on the (̂ ̂ ) plane, i.e.̂ =̂ (Figure 1a) . More specifically, the dynamics of the photoresponse (described by Equation 1a and Equation 1b) are coupled to the Euler angle dynamics via the light intensity relation −̂ ⋅̂ = − (sin cos + cos sin cos ), wherê = −̂ (Figure 6a) , and the equations describing the Euler angle dynamics (Symon, 1971) are coupled to the photoresponse via the relation 1 = −(1∕ ) , where is a time scale constant equal to an effective viscosity. This gives the following system of ODEs: To be able to decouple from ℎ and , we assume that it does not change significantly during a full (or half) cell rotation, and thus we solve the equations for ℎ and for a given value of . 
